Abstract-The challenges of the IEEE 802.15.4 beacon-enable mode are how to improve throughput and bandwidth utilization in contention access period and contention free period, respectively. This article proposes a scheme to improve IEEE 802.15.4 medium access control, called superframe duration adjustment scheme (SUDAS). SUDAS is expected to effectively allocate guaranteed time slot to the requested devices, it adjusts the length of the slot in superframe duration based on the length of the packet data. This article also presents a comprehensive Markov chain analysis of IEEE 802.15.4, especially for star network, to predict the probability of successful transmission, average bandwidth utilization as well as total network energy consumption. The analytical model and simulation experiments show that the performance of SUDAS is better than that of IEEE 802.15.4 standard in term of the probability of successful packet transmission, average bandwidth utilization and total energy consumption.
I. Introduction
According to the IEEE 802.15.4 standard [1] , IEEE 802.15.4 can operate on beacon and non-beacon enabled modes. The network coordinator transmits beacon to synchronize and provide necessary information to the devices in beacon enable-mode, while the unslotted carrier sense multiple access with collision avoidance (CSMA/CA) protocol is used in non-beacon-enable mode. The IEEE 802.15.4 MAC supports both contention based mechanism in contention access period (CAP) and guaranteed time slot (GTS) in contention free period (CFP) under beacon enable-mode. The limited number of allowable retransmissions and the number of backoffs as specified in the standard can reduce energy consumption caused by carrier sensing. However, the performance of CAP and CFP are related each other because the number of request GTS packets successfully received by network coordinator may decrease if the contention level in CAP increases, which will decrease the throughput of CFP and vice versa.
The challenges of the IEEE 802.15.4 beacon-enable mode are how to improve throughput and bandwidth utilization in CAP and CFP, respectively. The author of [2] present an evaluation of the slotted CSMA/CA of IEEE 802. 15 .4 based on all of its frequency, which only analyze each frequency and compare with each other but not to propose a method. In [3] , the authors analyze the performance of IEEE 802.15.4 MAC by using node state and channel state models that are simple but accurate. The authors also present an analytical model for the slotted CSMA/CA algorithm adopted in the CAP of the beacon-enabled mode in IEEE 802.15.4 MAC, which only considers for the saturated mode but not for acknowledgement (ACK). The authors of [4] propose Fibonacci Backoff (FIB) function to compute the backoff interval. In FIB, each node waits for an increment backoff periods as they need to access channel. This scheme is expected to minimize possibility two or more nodes choose the same backoff period in the networks.
Several mathematical analysis models have been proposed to analyze the performance of IEEE 802.15.4 based on the Markov chain model without considering packet retransmissions [5] [6] [7] [8] [9] . A number of the modified Markov chain models including packet retransmission have been investigated, but those models did not consider the defer transmission [10] [11] . In [12] [13] , the authors propose improved Markov chain models with considering defer transmission. However, all of the abovementioned models only consider for the contentionbased transmission.
The authors of [14] provide an analysis for channel access during CAP and CFP. However, the purpose of the CFP transmission is to retransmit the packet that is not successful transmitted in CAP to cope with hidden node collisions. A delay bound analysis for an implicit GTS allocation is proposed to analyze the impact on the bandwidth utilization and delay by using numerical network calculus analysis [15] . The authors of [16] proposed a modified superframe structure for supporting immediate emergency data transmission. If any emergency is reported, then a fraction of inactive period is used opportunistically for three new periods for handling emergency events. The authors of [17] analyze the priorities of devices to determine for GTS allocation, while the authors of [18] further propose an adaptive GTS allocation scheme (AGA) using two phases to assign the priorities of devices and schedule GTS.
This article propose a superframe duration adjustment scheme (SUDAS) for IEEE 802.15.4 to assign adjustable length of GTS slot based on the length of packet and also decide the precisely time for the starting time (GTSstart) and the GTS length (GTSlength). SUDAS is expected to effectively allocate GTS to the requested device nodes to improve bandwidth utilization in CFP, while the length of CAP can be used by the other device nodes to transmit their packets which do not receive the allocated GTS to transmit data packets. The performance of SUDAS for star network is also analyzed by considering packet retransmission, ACK, and defer transmission by modifying the Markov chain model from [13] . The major contribution of this article is to model the channel access for star network that analyze the overall performance of IEEE 802.15.4 MAC to obtain the probability of success transmission, energy consumption and average bandwidth utilization based on the proposed Markov chain. This paper is organized as follow. Brief overview of IEEE 802.15.4 is given in section 2. The description of SUDAS is explained in section 3. Analysis of SUDAS is derived in section 4. Simulation and analysis results are given in section 5. Final section concludes this paper.
II. Overview of IEEE 802.15.4
The IEEE 802.15.4 standard can operate in beacon enable mode and non-beacon enable mode. In beacon enabled mode, each node employs two system parameters: beacon order (BO) and superframe order (SO), which define beacon interval (BI) and superframe duration (SD), respectively. Furthermore, the active portion of each superframe consists of three parts: beacon, CAP and CFP. A node performs clear channel assessment (CCA) to make sure whether the channel is idle or busy, when the number of random backoff periods is decreased to 0. The value of CW will be decreased by one if the channel is idle; and the second CCA will be performed if the value of CW is not equal to 0. If the value of CW is equal to 0, it means that the channel is idle after twice CCA; then a node is committed the data transmission. On the other hand, to transmit packet in CFP, a node has to request the usage of GTS by sending GTS request packet to network coordinator in the CAP of the previous superframe. The network coordinator allocates GTS to the device node if it successfully receives the request packet, then the device node transmits its packets by using the allocated GTS without contention.
III. Description of SUDAS
A star network consists of one network coordinator and several device nodes, while the network coordinator periodically sends beacon frames to the device nodes. The network coordinator allocates the dedicated slots for its device nodes, if it receives the requests for GTS packets in the CAP period, otherwise the device nodes shall transmit their packets with contention in CAP. This article proposes a superframe duration adjustment scheme (SUDAS), to analyze both CAP and CFP for IEEE 802.15.4 MAC. SUDAS aims to accurately decide the values of GTS slot based on the length of packet size and packet arrival rate. SUDAS mainly improves the probability of success transmission, network goodput, average bandwidth utilization and energy consumption by managing the GTS allocation for the requested device nodes. SUDAS can be expanded by considering the length of data packet, the SO value, and packet arrival rate. According to the IEEE 802.15.4 standard, let us denote T sd to be the time of SD as shown in Eq. (1), where aBaseSuperframeDuration and R s are the minimum duration of a superframe and data symbol rate with the values of 960 symbols and 62500 symbol/second, respectively. Let us also denote T slot as the time of one slot duration, which can be obtained by Eq. Each device node with an allocated GTS ensures that the data transmission time, waiting time for ACK, time to transmit ACK packet and interframe spacing (IFS) duration can be completed before the end of its GTS period. Let us denote T f be the time to transmit one data packet and receive ACK packet, which can be obtained by Eq. (3), where T data , T Lack , T ack and T LIFS are the time to transmit data packet, time to waiting for ACK packet, time to transmit ACK packet and time duration of IFS, respectively. The length of L ack is equal to 88 bits, whereas the length of L IFS is equal to macMinLIFSPeriod (160 bits) if the length of packet is greater than aMaxSIFSFrameSize (144 bits), otherwise, it is equal to macMinSIFSPeriod (48 bits).
In CAP, the packet transmission delay cannot be guaranteed, because packets are transmitted by using the CSMA/CA algorithm. Conversely, the packet transmission delay can be guaranteed in CFP, because packets are transmitted by using the allocated GTS without contention. In this article, we assume that each node generates time-critical and non-time-critical packets with probabilities P and (1−P), respectively. Let us denote Tx n be the time to transmit a data packet according to its arrival rate by device n as shown in Eq. (4), where λ n and N GTS are the arrival rate of data packets at device n and the number of nodes to be allocated GTS slots in CFP, respectively.
According to IEEE 802.15.4 standard, the maximum value to allocate the GTS slot duration is seven. Let us denote adjslot be the integer value that will be used as the adjustment for the T slot of IEEE 802.15.4 standard become new smaller adjustment time of one slot duration. The value adjslot can be calculated by Eq. (5). Let us denote T sudas be the new time of one slot duration in SUDAS, which can be calculated by Eq. (6). Let us denote Nsudasslot n be the number of request slots for each GTS of SUDAS by device n, which is calculated by Eq. (7). Let us denote NumSuperframeSlot be the number of slots in a superframe duration, which is equal to 16 according to IEEE 802.15.4 standard. Let us denote GTSstar n , and GTSlength h as the starting time, and the length of a GTS allocation for device n, which can be calculated by Eqs. (8)- (9), respectively. Let us also denote CAPsudasslot and CAPsudaslength be the number of CAP slots and the time of CAP period based on SUDAS, which can be obtained by Eqs. (10) and (11), respectively, where L beacon is the length of beacon in bits while T beacon is the time interval of beacon. (5) where is the maximum integer but not greater than x.
  ) where is the minimum integer but not less than x.
  We consider star topology network having one network coordinator and seven device nodes with the same value of six for SO and BO. By using Eq. (5), we get the value of adjslot to be 16. Based on the IEEE 802.15.4 standard, if each node send request one slot GTS in IEEE 802.15.4, and its request successfully received by network coordinator, thus the number of slots needed for CFP is seven as shown in the upper part of Fig. 1 . In SUDAS, the number of slots needed for CFP is not more than one in the 15 th slot. Furthermore, if there are more than seven device nodes in the star network, the device nodes which are not allocated GTS can transmits their data packets more in CAP period because the CAP duration of SUDAS (CAP sudaslength ) is increased as shown in the lower part of Fig. 1 . By using SUDAS, the CFP period in superframe duration effectively increases the average bandwidth utilization. On the other hand, the device nodes which are not getting GTS allocation can increase their data packets transmitted in CAP because the CAP duration is increased.
IV. Analysis of SUDAS
In this section, the proposed SUDAS based on the IEEE 802.15.4 MAC use slotted carrier sense multiple access with collision avoidance (CSMA/CA) for part of CAP and GTS transmission for part of CFP. This article also taking into account the case of acknowledged uplink data transmission is investigated comprehensively via Markov chain model as shown in Fig. 2 . Let b i,j,k be the stationary probability at the stochastic state (s(t) = i, c(t) = j, and r(t) = k), where s(t), c(t), and r(t) represent backoff stage, backoff counter, and number of retransmissions, respectively, where b i,-1,k , b i,-2,k , and b i,-3,k are the stationary probabilities for the first CCA (CCA 1 ), the second CCA (CCA 2 ), and packet transmission, respectively, at the i th backoff stage and the k th retransmission. Let b Si,k and b Ci,k be the stationary probabilities of the successful transmission and collision at the states of S i,k and C i,k , respectively, where m and R are the maximum NB stage and retransmissions, i.e., they are equal to 4 and 3, respectively. Let b SGi,k and b Di,k be the stationary probabilities of the successful request for GTS packets and deferred transmission at the states of SG i,k and D i,k for the i th backoff stage and the k th retransmission, respectively. Finally, the total energy consumption of the network can be obtained.
V. Simulation and Analysis Results
In this section, simulation experiments for SUDAS are performed by using the extended Castalia simulator to validate the analysis and performance evaluation. In simulation model, we consider a star network topology with one PAN coordinator and 20 device nodes, where D node is equal to 10 meters. The traffic load from 0.1 to 1, where packets have the same length of 560 bits. To simulate the performance of power consumption, we consider the radio parameters of Chipcon's CC2420 2.4 GHz for the IEEE 802.15.4 RF transceiver [17] , where the transmitting power PWR tx , the receiving power PWR rx , and the idle power PWR idle , are 31.32 mW, 35.28 mW, and 712 µW, respectively. The BO and SO settings follow the IEEE 802.15.4 standard and The SUDAS algorithm, which are fixed to be six. Table I summarizes the simulation parameters. We compute the probability of successful packet transmission in CAP, the network goodput, the average bandwidth utilization (BU) and the total network energy consumption. We also compare the analytical (ana) and simulation (sim) results between the proposed algorithm (SUDAS) and IEEE 802.15.4 standard (Std). Figure 3 shows the probability of successful transmission arriving at the PAN coordinator against the traffic load by analytical and simulation. In CFP, nodes do not compete with each other and each node has the dedicated slots, hence we only consider part of CAP in this article. The SUDAS algorithm has higher probability of successful transmission than that of IEEE 802.15.4 standard because the length of CAPsudaslength is longer than that of CAPstandard. Figure 4 shows the average bandwidth utilization (BU) against traffic load. The average bandwidth utilization of SUDAS has better efficiency than that of IEEE 802.15.4 standard. SUDAS can improve the average bandwidth utilization because the size of slot is adjustable with the data packet to be transmitted, i.e., SUDAS can reduce the waste of bandwidth. Figure 5 shows the network energy consumption against traffic load. The SUDAS algorithm consumes lesser network energy than that of IEEE 802.15.4 standard, because CAPsudaslength is longer than that of IEEE 802.15.4 standard. Moreover, SUDAS has greater probability of successful transmission than that of IEEE 802.15.4 standard, especially in heavy traffic load, which means that SUDAS minimizes the energy consumption when retransmitting data packet. The energy consumption is obtained by summing the energy consumption of PAN coordinator and all of device nodes in the network.
VI. Conclusions
In this article, SUDAS performs with the adjustable length of the slot in the superframe duration based on the length of data packet, so that it can accurately decide for the starting time, and the GTS length to be allocated for the requested devices to alleviate the waste of GTS bandwidth utilization. SUDAS is expected to effectively allocate GTS to the requested devices, because the length of CAPsudaslength is longer than that of IEEE 802.15.4 standard.
This article also presented a comprehensive Markov chain analysis of IEEE 802.15.4, specifically for star network, to predict the probability of successful transmission, average bandwidth utilization as well as the network energy consumption. The validity of the analytical model is shown by closely matching its predictions of the simulation results. The results of analytical model and simulation experiment show that SUDAS is better than that of IEEE 802.15.4 standard in term of the probability of successful transmission, average bandwidth utilization and energy consumption. As a future work, the proposed scheme will be compared by other algorithms. 
